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Study on the characterisation of the PTFE transfer film and the 
dimensional designing of surface texturing in a dry-lubricated bearing 
system 
Liang Ding, Dragos Axinte*, Paul Butler-Smith, AM Abdelhafeez 
Machining and Condition Monitoring Group, Faculty of Engineering, University of Nottingham, NG7 2RD, UK 
Abstract 
The ability of polytetrafluoroethylene (PTFE) to form tribo-film in dry sliding condition 
makes it a popular liner material for self-maintenance bearings, such as those in the 
helicopter main and tail rotors. Nowadays, hard fillers or reinforcing-fibres are added to form 
the PTFE composite with enhanced strength and wear resistance; however, this also leads to 
increasing possibility of wear tracks on counter-surface and therefore more difficulty in 
observing and characterising the transfer film. In this paper, a surface analysis method based 
on using SEM analysis, supplemented with a Time-of-flight Secondary-ion mass 
spectrometry (Tof-SIMS) techniques for calibration was developed to give a comprehensive 
view of the transfer film formation on bearing steel surfaces. Previous challenges in transfer 
film identification and characterisation were also pinpointed. A series of laser surface 
textures (dimples), designed for improving the tribological performance of the bearing were 
tested, and the effects on transfer film formation have been evaluated by the surface analysis 
method. It is found that the depth of the dimples should match with the thickness of the 
transfer film to achieve a benefiting effect of the film formation, while the diameter and the 
coverage of the textures needs to be relatively small to void a high level of abrasion. 
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1 Introduction 
Self-lubricated bearings, in which dry lubricants are impregnated to replace external lubricant 
supply, are widely used in engineering applications where frequent maintenance is difficult 
and fluid lubricating plant is challenging to implem nt. For example, for corrosion-resistant 
powertrain where a continuous operation is essential [1], Molybdenum disulphide (MoS2) 
journal bearings are used [2], and for artificial joints which needs to be implanted in human 
bodies for years, UltraHigh Molecular Weight Polyethylene (UHMWPE) spherical bearings 
are adopted [3]. Another instance that faces similar issue is the helicopter main and tail rotors, 
as the overall cost for ceasing the flight and servicing is dramatic [4], and light-weight design 
is needed for ever-increasing demand for higher speed. Therefore, the helicopter rotor-heads 
are generally equipped with self-lubricating bearings functioning by Polytetrafluoroethylene 
(PTFE), a low-friction self-lubricating polymer. Apart from PTFE, the bearing liner 
composite also contains reinforcing material such as Kevlar and glass fibre to improve wear 
resistance. Similar with the MoS2 and UHMWPE, it has been proven that, the self-lubricating 
property of PTFE is fulfilled by the transfer film formation on the metallic surface during 
sliding contact [5–7]. The formation and functioning of the transfer film are then found 
influenced by the topography and physical properties of the counter-surface. For instance, in 
previous research, it was found that the hardness of the counter-surface [8], the value of the 
average roughness (Ra) [9] and the pattern of the roughness (from different finishing process) 
can all have a great impact on the formation of transfer film, which consequently affects the 
wear performance of the bearings [10]. Therefore, when studying the tribological effects of a 
modification technology on the counter-surface, the analysis on its influence on the transfer 
film has always been the key element to illustrate th  mechanism how it may alter the 
frictional and wear performance of the bearings. Nevertheless, it seems there has never been a 
consensus on how to establish a systematic observation of the transfer film. Early studies on 
the PTFE transfer films used optical techniques such as interference microscopy [11] and 
ellipsometry [12], utilising respectively the optical path difference (OPD) and the change in 
polarisation to estimate the thickness of the transfer film. The film thickness was calculated 
to be at most hundreds of nanometres in most contact conditions, while in some high speed 
applications (>1 m/s) thicker sheets and lumps can be built [13]. However, these optical 
methods require the counter-surface to be considerably smooth, so that the transfer film, 
rather than the substrate’s surface can predominantly induce the optical effects. Similarly, 
measurements by Atomic Force Microscopy [14] are also prone to be influenced by the 
substrate’s roughness. Therefore, in most of these methods, the observations on the counter-
surfaces were limited to ultra-smooth glass or silicon wafer, and only pure PTFE were tested 
to avoid wear on counter-surface. With the development of PTFE composite, more hard-
fillers or stiffening fibres have been added to increase the strength and wear resistance of the 
composite, thus inevitably leading to wear-tracks on counter-surface. As a result, using 
optical techniques for identifying and characterising transfer film become ineffective.  
To solve the problem of identifying transfer film, various more advanced technologies have 
been used. For example, X-ray photoelectron spectroscopy (XPS) was employed to 
characterise the PTFE transfer formed in rolling–sliding [15]. The interpretation of the results 
from XPS was not so straightforward though, as the film coverage was calculated indirectly 
using a set of film-thickness-values reported in other literature. SEM is a more commonly 
used surface analysis method, adopted by many researchers for characterising PTFE transfer 
films [16,17]. However, in some occasions, difficulties could be experienced in identifying 
the PTFE transfer film precisely with SEM. For example, in a study on the formation of the 
transfer film on steel surfaces [18], it was found that the film coverage revealed by SEM was 
very different from the one by Time-of-flight Secondary-ion mass spectrometry (Tof-SIMS) 
[18], a reliable technology for identifying thin-film as it only sputters monolayers from the 
surface. This issue in SEM observation is probably caused by the high penetration depths, 
estimated to be a few micro-meters depending on the composition of the metallic surfaces [19] 
under normally adopted accelerating voltages (15 to 25 keV). Therefore if the transfer film is 
as some postulated [12] (i.e. just monolayers or nano-metres thick), the information of it can 
be overwhelmingly surpassed by the substrate below. 
Because of the difficulty in accurately observing the PTFE transfer film, particularly the 
inefficiency in assessing its features, e.g. thickness, the development in the modifying the 
counter-surface using surface texturing technology has been hindered. As found by Singh, the 
particle size and the thickness of transfer film of dry lubricants should match with the surface 
topographic variations to ensure its function [20]. Therefore, without a reliable method to 
identify the transfer film and measure its thickness in different conditions, the surface 
modifications tend to be conservative, and thus, normally constrained within altering smaller-
scale features like surface roughness [9].  
The study on the tribological performance of artificially textured surface can date back to 
Hamilton et al.’s work in 1966 [21]. In this study, micro-asperities were produced on 
mechanical seals by an etching technique, and the dim nsions were optimised theoretically 
and experimentally. After that, various surface texturing techniques have progressed, such as 
vibro-machining [22] and vapour deposition techniques [23]. After the Etsion’ work on laser-
textured seal surface [24], the research on laser-surface-texturing also saw a boom. Nowadays, 
industrialised applications include honing on the engines’ cylinder walls for lubricant 
reservation, and micro-texturing in MEMS for preventio  of adhesion and stiction.  
Although the surface textures are more frequently applied in fluid-lubricated condition, in 
which they serve as micro-bearings[25,26], C. Gachot [27,28] reported that in dry-sliding, the 
textures can also create beneficial effects like alt ring stress distribution. However, it has 
been noticed that, many reported benefiting textures in dry-contact are applied under low 
loading condition [29–31]. This is mainly because that textures in dry-contact inherently 
increase the contact stress [32], thus magnifying the adverse effects of surface texturing such 
as increasing hysteresis resistance [10] and micro-cutting [33]. However, textures also have 
the potential of boosting the formation of transfer film for some dry-lubricated contact, as the 
dry lubricant film in this occasion can also be stored by the textures. As a result, the induced 
overall influence on the frictional and wear performance of the dry-lubricated bearings would 
be the result of the combination of the different effects incurred (e.g. micro-abrasion and 
lubricant reservation). In addition, the weighing of these effects and alteration of related 
tribological phenomena can be dependent on texturing dimensions, as analogous phenomena 
have been observed in previous research on the surface oughness. Taking the study from 
Kennedy et al. [34] as an example, it was found that e variation of the wear life of 
polyethylene is a result of the combined effects of friction and third body film thickness. 
Consequently, the turning point where rougher surface can contribute to higher wear life is 
where the substantial third body film can be reserved between asperities to reduce the 
resistance. Given this, a comprehensive surface analysis is again essential for studying the 
effects of surface texturing, since analysis on the coverage and morphology of wear debris 
and transfer film is a good indication for the occurring tribological phenomenon. 
To address these challenges, the present paper focuses on the development of a systematic 
observation and characterisation method for transfer film of dry-lubricant, and the application 
of this method to explore whether the beneficial or detrimental effects would be induced by 
surface texturing on the transfer film formation. Moreover, special attention is given to the 
measurement of the transfer film thickness, whose relation with the dimensions of the surface 
textures would give an indication whether the benefiti g effect of lubricant reservation would 
become prominent. 
2 Test methodology 
Due to their nature as solids, dry lubricants are commonly used in applications where 
requirement for load-carry-capacity is high, but operational sliding speed is relatively low. 
The spherical plain bearing used in helicopter’s rotors, for example, is a typical application. 
In flight conditions, the pitch-control bearings are driven by the actuators, going through 
swivelling rotation constrained within 15 ° oscillation angle (occasionally tilting within 5 ° in 
main rotors) [35]. Normally, the resultant nominal contact pressure is between 10 and 40 
MPa, and the relative sliding speed ranges from 0.01 to 0.15 m/s. With these working 
conditions considered, the pin-on-plate reciprocating sliding wear test is capable of 
reproducing the sliding contact conditions. In addition, based on the application scenario, this 
section also presents the techniques used to establish the novel characterisation method for 
the transfer film and to observe the tribological phenomena, together with the development of 
a FEA model as an assistance to analyse the wear mechanism. In this paper, it is aimed to use 
the methodologies to evaluate the both the tribological performance and the transfer film 
formation under different texturing dimensions and coverages, and to understand the 
phenomena behind the influence from these variables of texturing. 
2.1 Sample preparation 
The pin sample used in the wear test is the X1 PTFE/glass fibre woven fabric composite 
(bounded by phenolic resin), which is widely used as the bearing liner in modern helicopter 
rotor-heads. Each sample has the same thickness of 280µm and square surface area of 7 
mm×7 mm. 
The counter-surface is the AMS5630 440C stainless steel, with the hardness of 56 HRC. The 
average surface roughness is around Rq 0.02 µm in its original state. Ekspla AtlanticHE 1064 
pico-second pulsed laser (pulse duration 50 pico-sends, estimated peak fluence 73.98 J/cm2 
and wavelength of 1064 nm) is used for generating bespoke texturing patterns on the counter-
surface. During laser ablation, a heat affected zone (HAZ) arises near the ablated area as a 
results of heat diffusion, along with thermal effects such as oxidation layer (occasionally with 
micro-cracks). Moreover, it should be noticed that t e grain refinement and hardening due to 
local quenching may boost the occurrence of micro-abrasion during contact. However the 
influence is likely to be minor with pico-second laser, as both the theoretical estimation 
(diffusion length around 20nm judging from equation n [36]) and the observation on similar 
cases (pico-second laser on stainless steel) [37] indicate a minimal HAZ. Even though the 
laser is capable of producing complex texturing forms, such as ellipse holes and grooves 
(linear or curved), these forms can induce influencing factors like aspect ratio and trench 
orientation, whose impacts can be particularly significant considering the anisotropic 
properties of the composite liner. However, the focus of the study is on the effects on the 
transfer film phenomena from the textures’ basic dimensions (depth, width/diameter and area 
coverage). Therefore, uniformly distributed circular concavity is proposed to be the form 
applied on the counter-surface to minimize the influence from directional influencing factors. 
Moreover, preliminary trials with relatively large holes (diameter > 60 µm) or coverages 
(merely higher than 10%) ended up with extremely fast wear-out and failure of liner, so the 
texture pattern is further confined to dimples (created by single laser shots) with diameters (d 
= 20, 40 µm) and coverage percentages (pc = 0.4%, 1.6% and 6.4%) as shown in Table 1. 
To study the effects of dimple depth, particularly its relation with the transfer film’s thickness 
(later revealed in Section 3.2.1), a dimple depth considerably larger than the maximum film 
thickness is adopted in Type A, while a depth shallower than the maximum thickness is 
proposed for dimple B and C for comparison. Meanwhile, for Type B dimples, the diameter 
is reduced to half of the original dimples created by the laser, so that its comparison with 
Type A and C can include effects of dimples’ diameters. Therefore, from Type A-C, the three 
types of dimples constitute relatively the ‘wide & deep’ (A), ‘narrow & shallow’ (B) and 
‘wide & shallow’ (C) textures. Since the Type B dimple’s diameter is half of A and C’s, the 
settings of the coverage percentages can lead to tha  the distance for Type B dimples at a 
certain coverage (e.g. 0.4%) can equalise with that of Type A or C dimples in the higher 
coverage (e.g. 1.6%). Benefiting from it, in later analysis of the influence from dimples’ 
spacing densities, whether it attributes to distance or area coverage can be recognised. For a 
more straightforward presentation, the three levels of texture coverage are later referred as 
‘low’ (0.4%), ‘medium’ (1.6 %) and ‘high’ (6.4 %). 
Table 1. Matrix of dimensions and texturing coverag percentage of surface textures to test 
Dimple type Coverage pc (Percentage of dimpled 
area) 
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To generate the proposed different groups of texturd steel surfaces the reference group of 
smooth steel surfaces, the processing of the steel plat s follow three main steps (Fig. 1): laser 
dimpling on the original smooth surface; first polishing step (using Struers LaboSystem 
machine and a polishing cloth with 1 µm-diameter grits) to remove the inherent material re-
deposition, and final polishing to round the dimple edges.  
To achieve the different coverages designated in Table 1, the spacing L between the adjacent 
dimples need to be set before the texturing step following the equation: 
 = π4	
 																																	(1) 
where d1 is the diameter of the dimples, and pc is the desired coverage percent of the dimples.  
What should be noticed is that d1 should be the diameter of the dimples after the final step. 
Therefore, d1 is determined by both the original diameter d0 (determined by the laser beam) 
of the dimples by laser shots, and the reduction in diameter as the dimple gets shallower 
during the first polishing step (influence from the final step is negligible). Considering this, 
two calibration procedures need to be done before the process. Firstly, the relationship 
between the dimensions of the original dimples (diameter d0 and depth Dep) and the 
parameters of the laser (power P and dwell time tl, step 1 in Fig. 1) needs to be found. Then, 
the polishing parameters (normal force N, rotating speed ω and time tp, step 2 in Fig. 1) to 
achieve the polishing depth in the first polishing process should be determined. Therefore, the 
diameter d1, as well as the dimple depth Dep after the final step could be obtained by 
controlling the processing variables stated above. 
In this test series, the laser dimpling process wasconducted utilising single laser shots on 
evenly spaced points with the output power of 6 W and repetition rate of 30 kHz. By 
controlling the laser dwell time (tl), dimples with different depth (Dep) can be produced (tl = 
10 milliseconds for Dep = 8 µm and tl = 4 milliseconds for Dep = 3 µm). Meanwhile, a 2D 
galvanometer head with a 4-axis stage (Aerotech system) with the positioning precision of 
0.1µm, was used for manoeuvring the distance (L) between the laser shots to achieve 
different covering percentage of dimples. After the first step, dimples with fixed initial 
diameter d0 (related to the diameter of the laser beam, i.e. 40 µm) were created. Then, with 
40N normal force and 200RPM rotating speed  set on he polishing machine, the surfaces 
were polished shortly (tp =1 minute) if the desired diameter is 40 µm (Type A or C), or for 
longer (tp =6 minutes) if a 20µm diameter is to be achieved (Type B). 
 
Fig. 1. Processing scheme for manufacturing the textured surface 
After the first polishing step, the dimples would often be left with sharp edges. In the authors’ 
experience, they may act as micro-cutting edges during sliding which leads to accelerated 
wear of the PTFE counterpart composite. To prevent this, the sample surfaces were polished 
for around 10 seconds using MetPrep final polishing cloth and 0.05 µm silica suspension, just 
to round the dimples’ edges with little influence to their dimensions.  
Similarly, the un-textured steel samples, which would be used as the reference smooth 
surfaces, were put under the same batch for the two polishing steps, so that the same surface 
roughness (Rq 0.015 µm) can be obtained. 
2.2 Sliding wear test 
In order to simulate the oscillating sliding contact in the pitch-control bearings of the real 
helicopter rotor-heads, linear reciprocating motion is produced through the crank-slider 
system in a modified BICERI universal wear test machine (Fig. 2(a)). In the tests conducted, 
the rotating speed of the rotor was set at 180 RPM (i.e. 3 Hz reciprocating frequency), and the 
reciprocating stroke length was set as 20 mm. As for the load, a 196 N normal force was 
applied using weights. With this set-up, the pressure-velocity factor achieved (average sliding 
speed 0.12 m/s, and nominal contact pressure 40 MPa) are similar to those occurring in the 
bearings of the real helicopter rotor-heads. 
  
(a)      (b) 
Fig. 2. Images of (a) set-up of the reciprocating sliding wear test rig and (b) detailed view of the contact & measurement part 
The measurement of the friction force has been performed using two full bridges of strain 
gauges (Vishay L2A-06-062LW-120) bonded on the rectangular shear frame (Fig. 2(b)). As 
for the wear rate, in order to achieve a continuous measurement without interruption of the 
tests, a Linear Variable Differential Transformer (LVDT) was implemented vertically, while 
the probe is in contact with the steel sample at the bottom to measure the descending of the 
lever incurred by the wear of the liner.  
2.3 Novel approach for analysis of transfer film 
To address the issues in observing and characterising the PTFE transfer film, and to develop a 
new method aiming at reliable observation and comprehensive characterisation the PTFE 
transfer film, varied techniques have been tested and presented for surface analysis in this 
study.  
Firstly, a Keyence VH-7000 portable microscope is used for direct optical observations. 
Then, to allow the influence from surface topography to be taken into consideration, a Bruker 
Contour GT-I 3D Optical interferometer is employed to obtain the surface topographic 
images. 
As for the SEM analysis, in order to overcome the difficulties of accurately observing the 
PTFE film, we have proposed here firstly to test the imaging under different, particularly low 
accelerating voltages to cover the information of PTFE transfer film in different thickness. 
Meanwhile another surface analysis would be used as a reference for ‘calibration’, to ensure 
the information of the thin film has been thoroughly covered. In this study, the ToF-SIMS 
can be a reliable ‘calibration’ method, as it involves elemental analysis, and has the strength 
on characterising thin films. In turn, the calibrated SEM analysis can compensate the SIMS’ 
drawbacks, namely it is destructive (to the top molecu e-layers) and much more time-
consuming.  
In this study, a FEI Quanta 650 ESEM is used to acquire both SE and BSE images, while 
ToFSIMS IV (IONToF GmbH) instrument utilising a Bi primary ion source was 
employed to obtain different ion mappings. Corresponding to the SEM series with different 
accelerating voltages, the electrons’ trajectories are simulated through CASINO v2.5, a 
commercial Monte-Carlo simulation software, to gain the information depth in each condition, 
giving estimation of the film thickness.  
With the transfer film characterisation method comprehensively developed, it is further 
employed in the surface analysis for the dimensions’ effects of surface texturing.   
2.4 Finite element analysis for understanding of contact phenomena 
To help explaining the possible effects induced by varying dimensions (e.g. diameter, depth) 
of surface texturing, a Finite Element (FE) model was developed in Abaqus/CAE 2016 to 
enable the correlation of the phenomena occurring during the tribological tests with the 
theory of contact mechanics. Special attention was given to the effects like micro-cutting and 
plastic-deformation caused by stress concentration, and the difference drawn from variation 
in dimple dimensions (e.g. diameter and depth). 
   
(a)    (b)   (c) 
Fig. 3. Demonstration of (a) geometric models, loading conditions and boundary conditions (b) interactions applied; (c) 
transition of the grid size (magnified view)  
To simulate the frictional contact between the contact pair, the composite (in orange) and the 
steel counterparts (in grey) have been connected with a surface contact interaction (Fig. 3(b)), 
while the frictional properties (i.e. coefficient of friction (CoF)) is acquired from the wear 
tests conducted. In addition, to improve the computational efficiency, considering the 
symmetrical arrangement of the model’s geometry and the uniform normal load applied, only 
a small section of the two contact parts was built w th symmetrical boundary condition 
applied on the composite’s sectional surface. Finally, to ensure an economical yet accurate 
computation, fine grids (1 µm) were meshed near the interface (bottom of the 
composite),which is the area of key importance for the the contact problem, while grids 
gradually transitting coarser (16 µm on the very top) were meshed for upper zones (Fig. 3(c)). 
The loading and the sliding velocity were was set to completely mimic the test conditions 
stated in section 2.2, and the definition of mechanical properties of the composite combines 
its tensile test data with the approach in [38]. 
3 Test results and analysis 
3.1 Friction and wear measurements  
Firstly, a brief benchmarking test series is conducted, with the purpose of extracting the 
influence of reduced contact area caused by texturing. Since the nominal contact area will be 
reduced by correspondingly 0.4%, 1.6% and 6.4% with the three coverages of dimples 
applied, the nominal contact pressure will be increased to 40.16 MPa, 40.65 MPa and 42.74 
MPa (40 MPa for smooth/non-textured surface). Therefore, it is expected to experience a rise 
in wear rate and drop in CoF, which is a renowned feature of PTFE [5]. However, these 
influence on frictional and wear performance within the resultant pressure range need to be 
investigated, so that they can be separated from the texture’s effects on other aspects (e.g. 
transfer film formation) in later analysis. To fulfil this, a series of tests with contact pressure 
slightly elevated from the designated test load (40 MPa) were conducted. For each contact 
pressure, 3 repeats were performed. Even though small deviations exist between repeats, the 
3 conditions are still distinguishable and only a representative repeat is presented in Fig. 4. 
Consequently, as can be seen in Fig. 4(a), with the contact pressure increasing from 40 MPa 
to 42 MPa and then 44 MPa, the CoF keeps dropping from 0.062 to around 0.058. Meanwhile 
for the wear resistance, the wear rates only increase slightly, which can be seen from Fig. 
4(b). Even though correspondingly the wear life decreases gradually from 33 hours to 31.5 
hours, the drops between each interval are similar, without a sudden fall. From this bench-
marking, it can be seen that the influence that will be caused by altered nominal contact 
pressure within this range is not dramatic.   
   
(a)      (b) 
Fig. 4. Comparison of (a) coefficient of friction (CoF) and (b) wear progression of the PTFE composite sliding against 
smooth (i.e. non-textured) steel surfaces in different nominal contact pressures 
The influence of textures with different dimensions and densities were then tested while the 
smooth surface (40 MPa) is used as reference. To begin with, Type A (wide & deep)  dimples 
incur no benefit on frictional performance at any coverage, as shown in Fig. 5(a), but almost 
doubled the steady-state CoF with the highest coverage (6.4%). As for the wear performance, 
it is indicated in Fig. 5(b) that with all but the lowest coverage (0.4%) would a remarkably 
worse wear performance (higher steady-state wear rate and a shorter wear life) be resulted. 
However, as has been tested initially (Fig. 4), theoretically under the elevated nominal 
contact pressures that the texturing coverages can lead to, the CoF should still decrease 
compared with the smooth surface, and the wear performance should only deteriorate 
marginally. Therefore, the inferior performance of the texturing patterns can only be 
explained by the existence of another effect, which can increase the friction and jeopardises 
the wear performance further. 
    
(a)      (b) 
Fig. 5. Measurement of (a) friction coefficient and (b) wear progression for different coverages of Type A (wide & deep) 
dimples 
In contrary, with the Type B dimples (narrow & shallow), improvements have been observed 
in both frictional and wear performance compared with the smooth surface, particularly with 
the medium coverage (1.6%). For example, as shown in Fig. 6(a), the steady-stage frictional 
coefficient can be reduced by around 7% (0.005) with both the medium and high coverage. In 
terms of wear performance, both the low and medium coverages prolong the wear life by 
around 14% (5 hours), while only the medium coverag lso outperforms the smooth surface 
substantially in terms of the wear rate at the steady stage. Therefore, it can be seen that Type 
B dimples (narrow & shallow) in medium coverage (1.6%) generates the most outstanding 
improvements in both frictional and wear performance. More importantly, the drop in CoF is 
more prominent than solely from the impact of increas d contact pressure (curves of 42 MPa 
and 44 MPa in Fig. 4(a)), and the adverse influence on wear performance from of increased 
contact pressure (in Fig. 4(b)) has been reversed. Considering this, the beneficial texturing 
pattern must induce another effect other than rising contact pressure that contributes to the 
extra drop of CoF and wear rate. 
   
(a)      (b) 
Fig. 6. Measurement of (a) friction coefficient and (b) wear progression for different coverages of Type B (narrow & 
shallow) dimples 
Finally, with the Type C dimples (wide & shallow), both the low (0.4%) and high (6.4%) 
coverages exhibit no improvement on frictional performance, but incur a small degree of 
detriment to the wear rate and wear life, as demonstrated in Fig. 7(a) and (b). Similar with the 
Type B dimples (narrow & shallow), with medium coverage (1.6%) the Type C dimples 
(wide & shallow) can improve the wear performance with the smooth surface as the reference, 
even though in comparison the improvement is more marginal- the steady-stage wear rate is 
around 6% lower than the smooth surface and the wear lif  is 5% longer. 
   
(a)      (b) 
Fig. 7. Measurement of (a) friction coefficient and (b) wear progression for different coverages of Type C (wide & shallow) 
dimples 
The frictional and wear performance are summarised n Fig. 8, from three repeats for each 
tested conditions. As can be seen, the Type A dimples (wide & deep) always bring 
detrimental, if not no influence on the frictional and wear performance. However, for Type B 
dimples (narrow & shallow) or Type C dimples (wide & shallow), there is an outstanding 
trend that both frictional and wear performance improve when the coverage increases from 
the low to the medium, but then worsened when rising further to the high. It is only with this 
‘optimal’ medium coverage (1.6%) of Type B dimples (narrow & shallow), considerable 
improvements in frictional coefficient, wear rate and wear life can be observed.  
The comments related to Fig. 5- Fig. 8 reveal the observational influences from surface 
texturing on the tribological performance. Nevertheless, the governing physical phenomena 
inducing these different performance are the key to generate general principles analysing 
contact between dry-lubricating composite and textur d counter-surfaces, and would be 
explored in the following sections.  
   
(a)        (b) 
    
(c)        (d) 
Fig. 8. Summary of (a) Steady state frictional coefficients, (b) Steady state wear rates, (c) Onset time of wear-out stage and 
(d) Wear life for surfaces with different texture dimensions and coverages 
3.2 Surface analysis results 
A thorough analysis on the counter-surface and the transfer film formation can give a good 
indication of the wear behaviour, assisting identification of the causes of the influence 
(beneficial or detrimental) found in the section (3.1) above. To perform this, a novel analysis 
approach of the transfer film is firstly developed and then applied on the tested counter-
surfaces. 
3.2.1 Transfer film characterisation: Benchmark on smooth counter-surface 
In this section, an in-depth surface analysis to identify and characterise transfer film is 
presented with an emphasis on the new characterisation technique (SEM analysis with 
varying accelerating voltages and SIMS calibration), which has been introduced in the 
methodology section. The surface analysis presented i  this section was performed on a 
smooth counter-surface that has been half-way through a full wear test, to ensure a substantial 
formation of PTFE transfer film. 
Common practice for examining PTFE transfer films with optical microscopic image (Fig. 9 
(a)) is to distinguish the PTFE simply by darkness. The areas darker than a subjective 
‘threshold’ value is marked as black and identified as PTFE transfer film when the image is 
converted into binary, as shown in Fig. 9(b). From the binary image, it can be seen that a 
large proportion of the dark area are long, thin strip  along the sliding direction. However, 
from the surface topographic image Fig. 9 (c), it can also be seen that along the sliding 
direction, many scratches were also created on the counter-surface, which in practice can 
create the ‘dark’ optical effects as well. Consequently, the optical imaging would lead to 
exaggerated estimation of the film coverage. Meanwhile, the surface topographic image (Fig. 
9(c)) is unable to reveal the transfer film accurately neither, since the topographic change is 
no longer just the result of transfer film, but its combination with surface wear, which in this 
case can be a few micrometres in depth. Overall, the methods using optical effects to identify 
the transfer film can be unreliable due to the presence of the wear on the counter-surface. 
As proposed in the methodology section 2.3, BSE imag ng in SEM analysis is a promising 
candidate to eliminate the uncertainties in optical methods, given that it can be validated by a 
reliable calibration method. To reveal its capability to detect thin film (sub-micron level), we 
test the BSE imaging of the transfer film on steel surface using low accelerating voltages 
(under 10 keV). As displayed in Fig. 10(a) and (b), some distinctive dark areas appear, 
corresponding to composition with smaller atomic weight in BSE images. As the accelerating 
voltages used for the two images are different (10 keV and 5 keV), the dark areas also differ, 
indicating that the layers of this low-weight material are of different thickness. In all the 
elemental composition of the contact samples, apart from fluorine in PTFE, elements from 
glass fibres (Si, O) and phenolic resin (C, H, O) are ll lighter elements compared with iron 
(Fe), the dominant element of the steel. Moreover, if oxidation of iron manifests as a film on 
the surface, its overall atomic weight is also considerably smaller than iron itself. Therefore, 
to use the SIMS analysis to identify the composition of the dark areas becomes essential. 
To clarify the identity of the dark areas, the mappings of the ions containing fluorine and 
other possible elements are generated for calibration using SIMS. Firstly, it can be seen that 
the areas with high concentration of C2F4+ ions (bright spots in Fig. 10(c)) resemble well 
with the dark areas in BSE image, particularly in marked details I-IV in Fig. 10(b). Other 
fluorine-ions such as C6F9+ and F-, although not shown here, have a very similar pattern. As 
for the mapping of other ions, such as Si+ and Fe3+ (Fig. 11 (d) and (e)), the difference with 
the BSE images is significant. To conclude, the BSE images’ resemblance with exclusively 
the Fluorine ions’ mapping confirms that the dark aeas in the BSE images represent the 
transfer of PTFE. Moreover, we would like to note that this technique should not be restricted 
to only PTFE transfer film, and can work for identification of other thin transfer film with 
featuring elements (e.g Mo4+ in MoS2). 
In comparison, some of the PTFE coverages detected by SIMS image of C2F4+ can be 
missing in the optical microscopic image and its binary version. For instance, areas I, V and 
IV in Fig. 11 (b) are ‘flooded’ in the surface scratches and consequently the coverages are not 
sufficiently presented in Fig. 10(a).  
  
(a)    (b)      (c) 
Fig. 9. Observation of the sooth (non-textured) steel counter-surface using (a) optical microscopic image, (b) binary image 
converted from microscopic image, and (c) surface topographic image. 
   
(a)    (b)      (c) 
  
(d)       (e) 
Fig. 10. Observation of smooth (non-textured) counter-surface using (a) BSE image (accelerating voltage = 10keV), (b) BSE 
image (accelerating voltage = 5keV), (c) SIMS image of C2F4+(counts normalized), (d) SIMS image of Si+(counts 
normalized), (e) SIMS image of Fe3+ (counts normalized). 
With SEM investigation conducted on another location on the smooth surface, the acquired 
images Fig. 11. (a)- (d) give a good example how the revealed coverage of PTFE transfer 
film changes with accelerating voltages. Comparing Fi . 11(a) and (b), it can be seen that 
from 20 keV to 10 keV, the PTFE transfer film revealed by BSE image does not change 
significantly, with a long-strip-morphology along the sliding direction as the main 
morphology. However, when the accelerating voltage decreases to 5 keV, the detected film 
coverage increases dramatically, almost occupying the whole tested steel area, as shown in 
Fig. 11(c). This means that there is a step-change in the transfer film’s thickness, from around 
1 micrometre or above (maximum 2~3 µm estimated from bservations under higher 
voltages), to only tens of nanometres considering the simulated distributions of the electrons’ 
penetration depth (Fig. 11(e) to (g)). There is, however, not much transfer film existing in-
between these thicknesses. Finally, when the accelerating voltages dropped to 1 keV, the 
entire tested area appears dark, but the contrast cannot be built effectively for distinguishing 
the un-affected area. In this case, even though it is possible that the transfer film can be 
present in the form of a few nanometres thick and less, the identification is beyond the SEM’s 
capability. The 5 keV therefore can be regarded as an ‘optimal’ accelerating voltage for 
analysing the tested surface in this study as it unveils most of the PTFE transfer film with 
sufficient contrast. 
    
(a)     (b)    (c)    (d) 
    
(e)     (f)    (g)    (h) 
Fig. 11. BSE images of smooth (non-textured) steel counter-surface using accelerating voltage (a) 20KeV, (b) 10KeV, (c) 
5KeV, and (d) 1KeV; the Depth Distribution Function graph of the BSE images using accelerating voltage ( ) 20KeV, (b) 
10KeV, (c) 5KeV, and (d) 1KeV 
With the above two series of analysis on the PTFE transfer film, our new method of 
characterising transfer film reveals two distinctive forms of PTFE transfer film on the 
counter-surface: one at one to two micro-meters; the ot er in tens of nanometres and below. 
Because of the importance of matching the topographic variations of the counter-surface with 
the dimensions of the transfer film, this finding opens up a new prospect: improving transfer 
film formation by using micrometre-degree surface textures, while research on improving 
surface roughness (nanometre degree in engineering surfaces) has reached its ceiling 
nowadays.  
3.2.2 Transfer film analysis: Towards understanding of textured counter-surfaces  
Taking advantage of the new method to characterise the transfer film, SEM analysis using the 
optimised voltage (5 keV) has been used to evaluate tr nsfer film’s formation, including its 
coverage, thickness and morphology, aspects which are strongly linked with the performance 
of dry-lubrication.  
First of all, for all the tested surfaces with Type A (wide & deep) dimples, the SEM analysis 
reveals that they pose a negative influence on the transfer film’s coverage as presented in F g. 
12(a). Taking the one with medium coverage (1.6%) as an example, from the run-in to the 
steady stage, the dimples always create blank strips (area 1 and area 2 in Fig. 12) among the 
film-covered area, exposing the metallic surface. This obstruction on transfer film formation 
appears along the sliding direction and is common in all different dimple coverages. Such an 
observation is in line with that Type A (wide & deep) dimples in all coverages generates 
negative influence on the wear performance as stated in the last section (Fig. 5). 
  
(a)       (b) 
Fig. 12. BSE images of the textured counter-surface with medium coverage (1.6%) of Type A (wide & deep) dimples in (a) 
run-in stage and (b) steady wear stage. 
With a higher magnification on the dimples 1, 2 and 3 marked in Fig. 12, it can be seen that 
the transferred PTFE was firstly obtained on the dimple’s edges, as shown in Fig. 13(e)-(g). 
The transferred debris’ morphology, which is more distinguishable in SE images (Fig. 13), is 
one of rough, irregular-shaped smears- a typical indication of abrasion wear. In the steady 
wear stage, in most dimples the contained debris has seemingly filled them, as the marked 
dimple 4 shown in Fig. 13(d) and (h). Nevertheless, in the end it could not form an integrated 
transfer layer outside the dimple, thus still leaving the blank strips. Moreover, small amounts 
of un-filled dimples still have been found, with clearly scratched debris on the edges, such as 
the dimple 5 marked in Fig. 12. 
    
(a)    (b)    (c)    (d) 
    
(e)    (f)    (g)    (h) 
Fig. 13. (a)- (d) SE images of Type A (wide & deep) dimples from run-in to steady stage (area 1-4 marked in Fig. 12), (e)-(h) 
BSE images of Type A (wide & deep) dimples from run-in to steady stage (area 1-4 marked in Fig. 12). 
In comparison, with the same medium coverage (1.6%), the Type B (narrow & shallow) 
dimples can increase the film-covered area as they create dark strips like shown in the boxed 
areas 1-4 in Fig. 14. Besides, the reserved debris are no longer rough irregular particles 
peeled by the edges, but smooth flakes contained on the bottom of the dimples initially, as 
shown in Fig. 15 (a) and (b). This morphology feature is either from the adhesion wear of the 
PTFE dragged from outside the dimples, or from delamin tion of the composite asperities 
intruding into the dimple. In later stage, the reseved debris accumulate and form a transfer 
sheet layer. Different from the one in the wide, deep dimples, the accumulated debris can 
actually fill out the dimple and integrate with the transfer film formed outside the textured 
area in the later stage, as shown Fig. 15 (c) and (d). 
These observations prove that the dimples can act as dry-lubricants’ reservoir. More 
importantly, the reserved debris of dry-lubricant can replenish the non-textured part of the 
steel surface, benefiting both the coverage and the thickness of the dry-lubricant transfer film. 
This phenomenon should be able to reduce the direct contact between the metallic surface 
with the composite liner surface, reducing both the friction and wear. Such an effect should 




(a)       (b) 
Fig. 14. BSE images of the steel counter-surface textured with medium coverage (1.6%) of Type B (narrow & shallow) 
dimples in (a) run-in stage and (b) steady wear stage. 
    
(a)    (b)    (c)    (d) 
    
(e)    (f)    (g)    (h) 
Fig. 15. (a)- (d) SE images of Type B (narrow & shallow) dimples from run-in to steady stage (area 1-4 marked in Fig. 14); 
(e)-(h) BSE images of Type B (narrow & shallow) dimples from run-in to steady stage (area 1-4 marked in Fig. 14). 
Similarly, when the dimples are shallow yet wider (Type C) these enhanced transfer strips 
can    also be incurred as shown in the area 1,2 and 4 i  Fig. 16(a) and (b). However, the 
appearance is less common than with Type B (narrow & shallow) dimples. From the images 
focusing on single dimples (Fig. 17(a) and (b)), it was found that the Type C (wide & shallow) 
dimples resemble the Type A (wide & deep) dimples during the initiation of the wear process 
as the debris is again firstly collected on the dimples’ edges. However, because it has a lower 
depth, which is within the range which transfer layer can form naturally on a smooth surface, 
the accumulated debris can build up a transfer sheet cov ring the dimple’s depth as shown in 
Fig. 17(c) and (d) in the steady stage. Similar with the Type B (narrow & shallow) dimples, 
the reserved debris in these micro-holes can also form a layer integrated with the transfer film 
formed outside the dimple. Meanwhile, the obstruction of the transfer film, which is similar 
with the ones with Type A (wide & deep) dimples can also occur, such as the area 2 marked 
in Fig. 16(b). Since both the film-thickening effect and abrasion effect are significant under 
these conditions, they may offset each other, and this may explain why it does not create the 
advantages like narrow & shallow dimples, but would not lead to apparent disadvantage like 
wide & deep dimples. 
  
(a)       (b) 
Fig. 16. BSE images of the steel counter-surface textured with medium coverage (1.6%) of Type C (wide & shallow) 
dimples in (a) run-in stage and (b) steady wear stage. 
     
(a)    (b)    (c)    (d) 
    
(e)    (f)    (g)    (h) 
Fig. 17. (a)- (d) SE images of Type B (narrow & shallow) dimples from run-in to steady stage (area 1-4 marked in Fig. 16); 
(e)-(h) BSE images of Type B (narrow & shallow) dimples from run-in to steady stage (area 1-4 marked in Fig. 16). 
Both of the effects summarised above are also dependant on the coverage of the dimples. For 
instance, with the low coverage (0.4%) of Type B (narrow & shallow) dimples, the strips of 
transfer film formed by dimples along sliding direction occur less occasionally. The only strip 
(area 1) observed in Fig. 18 is also dis-continuous, indicating that the adjacent dimples are 
arranged too far apart (280 µm for low (0.4%) coverag ) for the retained PTFE in the 
reservoirs (dimples) to travel and cover the whole distance. Moreover, with the low coverage 
(0.4%) of wide & shallow dimples, such a strip almost never appear (Fig. 18(b)). This 
difference should be explained by the even longer distance (560 µm) between adjacent 
dimples for Type C (wide & shallow) under the same coverage in comparison with the Type 
B (narrow & shallow). 
  
(a)       (b) 
Fig. 18. BSE images of the steel counter-surface textured with low coverage (0.4%) of (a) Type B (narrow & shallow) and 
(b) Type C (wide & shallow) dimples in steady wear st ge. 
When the coverage is set as high (6.4%), however, the abrasion effect becomes more 
dominating for both Type B (narrow & shallow) and Type C (wide & shallow) dimples, like 
shown in Fig. 19(a) and (b). As a result, the overall influence on transfer film is similar with 
the Type A (wide & deep) dimples. Therefore, it can be seen that both the coverage and 
dimensions of the dimples need to be on the lower side to avoid this abrasion effect. 
Moreover, this phenomenon is likely to be related with a more prominent increase in contact 
stress with higher coverage or larger size of texturing. To give a more detailed analysis of the 
relationship between the dimple dimensions and this effect, a finite element (FE) analysis is 
performed in the next section. 
  
(a)       (b) 
Fig. 19. BSE images of the steel counter-surface textured with high coverage (6.4%) of (a) Type B (narrow & shallow) and 
(b) Type C (wide & shallow) dimples in steady wear st ge. 
To summarize, as shown in Table 2, only with low (0.4%) and medium coverage (1.6%) of 
Type B (narrow & shallow) dimples will the benefit rom texturing on the transfer film 
formation reach the high level, while the detrimental abrasion effect maintains at a lower 
degree. Given that the observed phenomenon (wear debris and transfer film’s formation) is in 
line with the wear and frictional performance shown in the section 3.1, it can be deducted that 
both the benefiting effect on transfer film and theabrasion effect need to be considered when 
the surface texturing’s coverage and dimensions are to b  designed. 
Table 2. Summary of dimple’s effects in different dimensions and densities 





















formation a  
+ + + ++ +++ + + +++ + 
Abrasion a ++ +++ +++ + ++ +++ + +++ +++ 
a “+” means very low and “+++” means very significant effect 
3.3 FE analysis to support the explanations of the influence of textured 
counter-surface 
The FE analysis is done to study the stress strain of the composite sliding against the dimpled 
surfaces, covering all tested dimple dimensions and coverages to relate the observed abrasion 
effects with the theoretical analysis.  
The first finding of the FE analysis is the stress concentration occurring in adjacent with the 
edges of the dimples (e.g. see circled zones in Fig. 20). As shown in Fig. 20(a), even with 
Type B (narrow & shallow) dimples, the maximum stres can reach 92.55 MPa in static 
condition (without sliding simulated), while with te smooth counter-surface, this value is 
only 60 MPa.  Succeeding with the steady state, the maximum stress can increase to 96.52 
MPa at the start-up of the sliding, then stabilise at 98.42 MPa, as presented in Fig. 20(b) and 
(c). 
   
(a)     (b)     (c) 
Fig. 20. Stress distribution in PTFE composite sliding again steel surface with medium coverage (1.6%) of Type B (narrow 
& shallow) dimples at (a) start of the sliding (b) first step of sliding (c) steady state of sliding. 
Furthermore, the higher the dimple coverage the more severe the stress concentration is at the 
edges of the micro-cavities. As the example presentd in Fig. 21(a) to (c), the maximum 
contact stress at the stabilised stage is correspondingly 3.93 and 5.87 MPa higher in medium 
and high coverage than low coverage. 
   
Fig. 21. Steady-state stress distribution in PTFE composite sliding again steel surface with narrow & shallow dimples in (a) 
low coverage (0.4%), (b) medium coverage (1.6%)  and c) high coverage (6.4%) 
Moreover, dimple dimensions also play a crucial role. As shown in Fig. 22, at low coverage, 
the maximum stress with (Type A) wide & deep dimples and (Type C) wide & shallow 
dimples can reach 133.1 MPa and 111.1 MPa, dramatically higher than the (Type B) narrow 
& shallow dimples. 
   
(a)     (b)     (c) 
Fig. 22. Steady-state stress distribution in PTFE composite sliding again steel surface with medium coverage (1.6%) of (a) 
Type A (wide & deep) dimples, (b) Type B (narrow & shallow) dimples and (c) Type C (wide & shallow) dimples 
From the summarising graph (Fig. 23), both the maximum contact stress (σmax) and percent of 
plastically deformed elements (pεp>0) rise with the increase of coverage. Moreover, both 
parameters for Type A (wide & deep) and Type C (wide & shallow) dimples are close, but 
significantly higher than Type B (narrow & shallow) dimples in each coverage. Essentially, 
larger diameter and higher coverage would lead to aggravated stress concentration and plastic 
deformations, while the depth of the dimples plays  negligible role. Relating this finding 
with the observed abrasion effects in different dimensions (shown in Table 2), it can be seen 
that the maximum stress and plastic strain give a good indication for level of abrasion effects 
(the second row of Table 2). If the diameter and coverage of the dimples are designed to be in 
a lower range low enough, minimal proportion (under 2% in this instance) of the softer 
composite surface would experience high stress concentration (i.e. above the yield strength 
100 MPa in this example), and the abrasion effect would efficiently be maintained mild. On 
the contrary, if the textures are designed so that a substantial volume (over 5% in this case) of 
the composite part would deform plastically, significant abrasion effect would occur. Overall, 
this FE analysis provides the rationale why the dimensions (particularly the diameter) and 
coverage of the dimples should be constrained in the narrow range found to avoid significant 
abrasion effect. 
  
(a)         (b) 
Fig. 23. (a) Maximum contact stress and (b) percentage of surface elements under plastic deformation on the composite 
surface sliding against steel surface textured withdifferent types of dimples in different coverages at steady state 
 
4 Conclusion 
This paper reports on the understanding of the transfer film formation of dry lubricant with 
the presence of hard reinforcing fibres. With the obtained knowledge, the phenomena 
governing the composite’s frictional and wear performance sliding against textured counter-
surface have been discovered, relating with the diff rent wear mechanisms experienced with 
dimples in varied coverages and dimensions. 
Through analysing the transfer film by layers with SEM in different accelerating voltages 
(with Tof-SIMS as an assisting technique), transfer ilm’s dimensional properties is 
established- two forms of transfer film coexist on the steel surface: the ultra-thin film (nano-
meter degree) and the thicker transfer layer (micro-meter degree).  
Through wear tests, it was found the surface texturing may benefit the formation of the 
thicker form of transfer film, and the key is to constrain the dimple depth (dep) within the 
magnitude of the film thickness (2~3 µm). Moreover, there is a very narrow window of the 
dimples’ diameters and densities (d≤20 µm, pc≤1.6%) for the effect to be achieved without 
incurring significant micro-abrasion, since severe stress concentration (exceeding the 
composite’s yield strength as revealed by FE) can occur near the dimple edges.  
Although the obtained results may have their limitation on this particular tribo-pair material, 
the strategy of transfer film characterisation and the observed effects with textured counter-
surface can be applicable in similar dry-sliding contact. 
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- Addressed the issue with characterising PTFE transfer film on the 
counter-surface with wear tracks for the first time 
- Developed a novel approach for characterising PTFE transfer film using 
SEM incorporated with Time-of-Flight Secondary Ion Mass 
Spectrometry (Tof-SIMS) analysis 
- Observed transfer film reservation and micro-abrasion on the counter-
surface with varied dimensions and coverages of surace textures 
(dimples) 
- Correlated the surface textures’ influence on the PTFE composites’ 
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